cally beginning in midadulthood and progressing toward death ‫81ف‬ years from onset (Hayden, 1981; Harper, 1991 presented with an early onset behavioral phenotype ‫6ف(‬ eration of medium spiny neurons in the lateral striatum weeks) and had intranuclear aggregates and neurodeassociated with the translocation of N-terminal htt generation specifically in the striatum. Other YAC72 fragments to the nucleus. Neurodegeneration can be mice expressing lower levels of mutant protein had propresent in the absence of macro-or microaggregates, gressive electrophysiologic abnormalities at 6 and 10 clearly showing that aggregates are not essential to months, followed by selective striatal neurodegenerainitiation of neuronal death. These mice demonstrate tion first seen at 12 months of age. No aggregates were that initial neuronal cytoplasmic toxicity is followed by visible by light or electron microscopy, clearly indicating cleavage of htt, nuclear translocation of htt N-terminal that aggregates are not necessary for initiation of selecfragments, and selective neurodegeneration. underlying HD.
Results
Additionally, in light of the observed electrophysiological changes in the hippocampi of YAC46 and YAC72 mice (see below), we confirmed that human htt was YAC Transgenic Mice expressed in the hippocampi of YAC transgenic mice by Two well-characterized YACs (YGA2 and 353G6) conWestern blot ( Figure 2B ) and by immunohistochemistry taining 18 CAG repeats and spanning the entire HD gene (data not shown). Expression was low in peripheral tis- (Hodgson et al., 1996) were used.
sues, similar to humans. We adopted a previously described strategy using Mutant htt expression in fibroblast cell lines revealed homologous recombination in yeast to introduce exhtt expression in YAC72 founder 2498 to be approxipanded CAG repeats (46 and 72) into YACs (Duff et al., mately three times that seen in founder 2511 ( Figure  1994 ) ( Figure 1A ). Since YACs are inherently unstable, 2C) and approximately twice that of endogenous levels and this strategy relies on homologous recombination, (data not shown). Expression levels in YAC18, YAC46, all clones were extensively screened by Southern analyand YAC72 (2511) lines were equivalent, representing sis, PCR, and pulse-field gel electrophoresis.
one-third to one-half of endogenous level expression Southern analysis comparing signal intensity with hu-( Figure 2D ). man genomic DNA demonstrated that all YAC46 transgenic lines had integrated one to two copies of the YAC
Rescue of Embryonic Lethality (data not shown). Two of the seven lines injected with
We next tested for appropriate developmental regula-YAC72 integrated the complete HD gene (2498 and tion by assessing whether mice expressing mutant hu-2511). Densitometric scanning showed that founder man htt (YAC46 or YAC72) could compensate for the 2498 had integrated approximately four copies of the loss of endogenous htt. Targeted disruption of htt results transgene (two wild-type), whereas line 2511 integrated in embryonic lethality at 7.5 days gestation (Duyao et one to two copies ( Figure 1B ). We were able to establish al., 1995; Nasir et al., 1995; Zeitlin et al., 1995). We lines from all founder mice with the exceptions of YAC46 crossed the YAC46 and YAC72 lines onto the null back-664 and YAC72 2498, which developed an early neuroground and demonstrated efficient rescue of the emlogical phenotype at 6 weeks of age (see below) and bryonic lethality. The genotype of the YAC-positive did not breed.
offspring at the mouse HD locus had the expected Mendelian 1:2:1 ratio for homozygous, heterozygous, and Transgene-Derived htt Is Expressed in a Pattern wild-type offspring (35:68:26, respectively). In contrast, Similar to Endogenous htt cDNA transgenic mice expressing full-length htt with Both normal and mutant human htt were expressed in 18, 44, and 128 glutamines under the control of the the same tissues as the endogenous mouse protein, cytomegalovirus promoter failed to rescue the embryo with highest levels seen in brain and testes (Figure 2A) .
lethality. Subcellular localization experiments on cortical tissue
These data provide conclusive evidence of approfrom wild-type and transgenic mice showed that mutant priate developmental expression of mutant htt under YAC-derived htt primarily localized to the cytosolic and the control of the endogenous promoter and show that membrane-associated fractions (data not shown), simiexpansion of the polyglutamine tract does not disrupt normal function of htt in mammalian development. lar to human htt (DiFiglia et al., 1995). 
Motor and Behavioral Analysis

YAC72
The weight of the YAC72 mouse (2498) was approxiTests were designed to detect behavioral and motor deficits in wild-type (n ϭ 7), YAC18 (line 30, n ϭ 7), and mately half that of her female siblings (16 g versus 29.9 g; n ϭ 3) when sacrificed at 1 year. YAC72 mice from YAC46 (line 668, n ϭ 7; line 1747, n ϭ 3) mice. Tests were repeated at 2 month intervals between 3 and 20 line 2511 had body weight similar to controls at all times assessed. months of age. In addition, observations were made on the YAC72 mice lines and age-matched controls at 3, Observations of spontaneous behavior were carried out on the 2498 mouse ( Figure 3A ) and age-matched 5, 7, and 9 months of age. All mice used in this study were pure FVB/N, eliminating the confounding effects controls ( Figure 3B ) at the ages of 3, 5, 7, and 9 months. The 2498 mouse showed obvious circling that was perof strain differences. YAC18 mice behaved identically to wild-type mice at all ages tested. sistent and by 9 months was associated with obvious choreoathetoid movements of the head and neck as YAC46 Weekly observation of mouse behavior and handling of well as gait ataxia. The circling was tight and rapid, with a full turn being completed in approximately one-third the mice revealed no obvious differences in behavior compared with wild-type or YAC18 mice up to 20 months of a second ( Figure 3C ). When held by the tail, 2498 was disoriented and displayed a foot-clasping posture of age. Responsiveness to sensory stimuli, including auditory cues, olfactory cues, and touch; spontaneous reminiscent of HD exon 1 transgenic mice (Mangiarini et al., 1996) . Additionally, as it was lowered to the bench activity measurements; motor control; and coordination were normal.
top, unlike wild-type FVB/N mice, it failed to orient itself (line 2511) mice tested as independent groups at 3, 7, and 9 months of age. YAC72 mice show hyperactivity compared with wild-type at 7 and 9 months of age but not at 3 months. Data are expressed as mean activity over 10 min during dark phase Ϯ SEM. Mean activity was significantly different from that of wild type at p Ͻ 0.03 (asterisk) using the Student's t test.
upright. In addition, it failed to successfully complete in the hippocampus in YAC transgenic mice and humans (Gutekunst et al., 1995) ( Figure 2B ), we examined the the beam-crossing task.
Mice from the low-expressing YAC72 line (2511) did effect of CAG expansion on synaptic transmission and plasticity prior to development of a behavioral phenonot manifest with any obvious behavioral phenotype until 7 months of age. These mice display a mild hyperkitype. We compared the induction and maintenance of homosynaptic long-term potentiation (LTP) at the Schaefnetic movement disorder characterized by progressive spontaneous hyperactivity during the dark phase of fer collateral-CA1 synapses of the hippocampus in control, YAC46, and YAC72 mice. open field testing (p Ͻ 0.03) ( Figure 3D ). In one mouse, stereotypical unidirectional circling developed at 8.5
To standardize slices from different groups, we elicited synaptic responses at an intensity that was 50% of months, similar to behavior seen at an earlier age in the high-expressing YAC72 mouse ( Figure 3C ). At 9 months, that required to induce a population spike and measured differences in saturated LTP achieved by repeating tedifferences in activity during the dark phase were again seen in YAC72 mice ( Figure 3D ). Even though as a group, tanic stimulation five times. At 6 months, maintenance of LTP at 60 min was the mutant mice were more hyperactive compared with wild-type, there was considerable variability in this result 127% Ϯ 5% for YAC46 mice (line 668, n ϭ 8), 170% Ϯ 12% for YAC46 mice (line 1747, n ϭ 4), 221% Ϯ 107% because of the extreme hyperactivity of one mouse with circling behavior. Excluding this mouse from the mutant for YAC72 mice (line 2511, n ϭ 4), 179% Ϯ 20% for group still revealed the significance of the hyperactivity YAC18 mice (n ϭ 8), and 183% Ϯ 30% for wild-type (p Ͻ 0.05) of the YAC72 mice compared with wild-type.
(n ϭ 10) (not significant) ( Figure 4A1 ). Slices from 6-month-old mice with 72 CAG repeats displayed hyperexcitability, which manifested itself as epileptiform acElectrophysiology Since hippocampal neuronal loss occurs frequently in tivity at the somatic level, and a very broad excitatory postsynaptic potential (EPSP) at the distal dendrites HD (Spargo et al., 1993) , and mutant htt is expressed that the calcium-buffering capacity of mutant neurons was reduced. YAC18), which progressively declined over time.
EM48 immunoreactivity was very intense in neuronal nuclei (B), whereas HD549 immmunoreactivity was restricted to the cytoplasm (C). EM48 nuclear immunoreactivity (arrow) did not occur in VAT-(D), NOSI-(E), or PARV-(F) immunoreactive neurons (arrowheads). Nuclear staining was diffuse and also included small (G) and large ([H], arrowheads) puncta. By electron microscopy (I), immunogold particles were seen both in the cytoplasm (c) and nucleus (n). Microaggregates containing more than five particles were found in the nuclei ([I], arrows). At higher magnification, microaggregates appear to be associated with amorphous, electron-dense material (J). Particles were also found in nuclear pores ([K], arrows). Nuclear pores not containing immunogold particles are indicated by the arrowheads (K)
By 10 months of age, obvious and significant differElevated intracellular calcium concentration can also affect presynaptic release mechanisms. To assess preences were seen in both YAC46 and YAC72 mice. In contrast to wild-type, LTP was not induced in CA1 neusynaptic efficacy, we investigated the extent of the paired-pulse facilitation (PPF) in wild-type, YAC18, and rons of either line of mice expressing mutant htt ( Figure  4A3 ). The potentiation at 60 min after the fifth tetanus YAC46 mice, which showed no differences from controls at 6 and 10 months of age ( Figure 4C ). in slices from 10 month YAC46 mice was 101% Ϯ 25% (line 668, n ϭ 6) and 108% Ϯ 12% (line 1746, n ϭ 6) However, posttetanic potentiation, which is the potentiation seen immediately after tetanic stimulation and is compared with 199% Ϯ 31% (n ϭ 6) in wild-type mice (p Ͻ 0.01). High-frequency stimulation (HFS) induced also indicative of presynaptic release mechanisms, was reduced in 10-month-old YAC46 mice. The normalized depression instead of potentiation in 10 month YAC72 mice ( Figure 4A3 ). Lack of LTP induction in mutant slices fEPSP slope immediately after the first HFS was 224% Ϯ 15% in wild-type mice (n ϭ 6), 167% Ϯ 25% in Transwas not due to the deterioration of slices, as no change in the responses within the same slice from the nontetagenic line 668 (n ϭ 5), and 102% Ϯ 9% in transgenic line 1746 (n ϭ 6) (p Ͻ 0.05). These data suggest that nized control pathway was recorded.
To determine the mechanism underlying the progrespresynaptic terminals in mutant mice, while responding normally to single stimuli, are not able to sustain neurosive loss of LTP in 10 month YAC46 mice, we next investigated whether glutamate-mediated calcium influx, which transmitter release during high-frequency stimulation. In all mice examined, faint EM48 staining was present karya and dendrites as described previously (Gutekunst et al., 1995). HD549 immunoreactivity was not detected in neurons throughout the brain. In contrast, in the 12-month-old YAC72 mouse (2498), EM48 intensely stained in neuronal nuclei ( Figure 5C ), suggesting that only N-terminal fragments of mutant htt (Ͻ549 amino acids) many nuclei within neurons in the striatum (Figure 5B ), olfactory tubercle, nucleus accumbens, and fundus stritranslocate to the nuclei. ati. Small numbers of neurons in the septum and the granule cell layer of the cerebellar cortex also had nuNuclear Staining Is Specific to Medium Spiny Neurons clear EM48 immunoreactivity. This intense nuclear staining was not seen in any other brain regions, including
We performed double immunolabeling using EM48 and antibodies specific for each interneuron population, inhippocampus, thalamus, and brain stem, nor was it present in YAC18 or YAC46 or in wild-type controls (Figure cluding the vesicular acetylcholine transporter (VAT), which labels cholinergic interneurons; nitric oxide synth-5A). EM48 nuclear staining was more intense in the lateral compared with the medial striatum. ese (NOSI), which labels neurons containing somatostatin; neuropeptide Y and reduced nicotinamide adenine In the 12-month-old YAC72 line 2511 (n ϭ 3), there was an increased number of EM48-immunoreactive neuronal dinucleotide phosphate-(NADPH-) diaphorase; and parvalbumin (PARV), which labels a distinct population of nuclei in the striatum ( Figure 7A) and cortex (Figure 7B ). immunogold particles were seen in both the cytoplasm In the accumbens, some labeled nuclei also contained and nuclei of neurons. Particles were found mostly sinone or two larger labeled puncta ( Figure 5H ) that ranged gly or in clusters of no more than three particles (Figure from 2-5 m and were found in both intensely and lightly 7C). Clusters of more than three particles were only stained nuclei. In all stained nuclei, there was a nonrarely seen in both nucleus and cytoplasm. No macroagstained region corresponding to the nucleoli by electron gregates were seen by light microscopy, and microagmicroscopy. Similar results were obtained using another gregates were rare. N-terminal anti-htt antibody raised against the first 17 amino acids of human htt (a gift from Peter Detloff). We have termed these puncta macroaggregates, since they Neurodegeneration Neuronal degeneration was assessed by light microsare large enough to be resolved by light microscopy.
To examine potential htt aggregates, we performed copy in 1.5 m thick toluidine blue-stained sections from the striatum, the cortex adjacent to the lateral striaimmunogold electron microscopy using EM48 on sections containing striatum from YAC72 (2498 and 2511), tum, the hippocampus, and the cerebellum. YAC18 (n ϭ 5); YAC46 (n ϭ 10) at 9, 12, and 20 months of age; YAC72 YAC18, and FVB/N wild-type mice at 12 months of age. In YAC72 mouse 2498, immunogold particles were line 2511 at 8 (n ϭ 4) and 12 (n ϭ 3) months; and the YAC72 2498 mouse at 12 months of age were examined. abundant in the nuclei but were also evident at lower frequency in the cytoplasm ( Figure 5I ). Within nuclei, Degenerating neurons, only present in the striatum, were hyperchromatic and shrunken ( Figures 6A and 7D ). Unimmunogold particles were found singly or in clusters ( Figures 5I and 5J) . Individual immunogold particles like striatal neurons, which normally have round nuclei and rounded cellular outlines, degenerating neurons had could also be identified within nuclear pores ( Figure 5K ). Most immunogold particles were present singly or in oval or fusiform perikarya and nuclei. The chromatin within degenerating neurons was also condensed and groups of two or three. Larger collections of immunogold particles (Ͼ5) were visualized in the nucleus but marginated. Some neurons had morphologic abnormalities that were not severe enough to be considered evinot in the cytoplasm (Figure 5I ). Almost all of these were too small to have been visualized by light microscopy dence of cell death but manifested mild hyperchromasia and a more oval cellular shape ( Figure 7D ). and were thus termed microaggregates. With the same Electron microscopy using the same tissue blocks conmonths, YAC72 mice had an initial increase in the NMDA component of synaptic response, which was antagofirmed the degenerative and abnormal nature of these nized by D-AP5, an NMDA receptor antagonist. This is morphologic changes. By electron microscopy, degenconsistent with the NMDA receptor hyperactivity associerative changes varied in severity and included reduced ated with the presence of mutant htt. In animals, overneuronal size, the presence of nuclear and plasma memactivation of NMDA receptors in the striatum has been brane irregularities, increased electron density of the shown to reproduce biochemical and neuropathological cytoplasm and the nucleus, swelling of some mitochonchanges seen in HD ( due to high-calcium influx, which could underlie the lack to-lateral gradient of neurodegeneration was less draof LTP in those mice with mutant htt. In both YAC46 matic than in the 2498 mouse, ranging from 4% medially and YAC72 mice, the electrophysiological abnormalities to ‫%04ف‬ laterally. We found no sign of degeneration precede any obvious behavioral abnormalities as well in the YAC72 2511 line at 8 months of age. There was as any evidence of neurodegeneration or aggregate forno evidence of reactive gliosis in these mice by glial mation. Taken together, these results suggest that exfibrillary acidic protein immunocytochemistry (data not pression of mutant htt in these mice causes cytoplasmic shown). dysfunction before the observed behavioral and neuroThe hippocampus was examined, since YAC transgenic pathologic changes. mice had abnormal hippocampal LTP, and neuronal loss Examination of N terminus htt fragment aggregation in the CA1 region of the hippocampus is seen in most in the YAC72 2498 and YAC72 2511 lines does not suppatients with HD (Spargo et al., 1993) . Examination of port the hypothesis that large nuclear aggregates undersemithin and Nissl-stained sections (50 m) from wildlie neurodegeneration. In the YAC72 2498 mouse, which type, YAC18, and YAC46 mice at ages 5, 9, 12, and 20 expressed high levels of mutant htt and had an obvious months showed no obvious differences in the gross behavioral phenotype by 6 weeks of age, 80% of the organization and neuronal density of the CA1 pyramidal neurons still observable in the lateral striatum at 1 year cell layer and no increase in the presence of degeneratof age were undergoing neurodegeneration. In both deing neurons.
generating and normal-appearing neurons, N-terminal nuclear htt fragments were labeled with solitary and Discussion small clusters of immunogold particles, and only rarely were macroaggregates observed. Furthermore, the comWe have produced YAC transgenic mice that express plete absence of macroaggregates and the rarity of minormal and mutant htt in a developmentally regulated croaggregates in the normal and degenerating striatal and cell-specific pattern identical to that of endogenous neurons in the YAC72 2511 line at 12 months of age htt and develop functional, behavioral, and pathological suggest that even microaggregates may not be neceschanges similar to those of patients with HD. This is sary for cell death. The immunogold method, however, manifest with selective neurodegeneration affecting does not permit distinguishing solitary N terminus fragspecifically the medium spiny neurons of the striatum. 
Altered concentrations of cytoplasmic calcium may be
Cells were maintained at a humidified atmosphere of 37ЊC, 6% CO 2 .
an important trigger for activation of the proteolytic phenotype. 
